Mantle cell lymphoma (MCL) is genetically characterized by the t(11;14)(q13; q32) translocation and a high number of secondary chromosomal alterations. However, only a limited number of target genes have been identified. We have studied 10 MCL cell lines and 28 primary tumors with a combination of a highdensity single-nucleotide polymorphism array and gene expression profiling. We detected highly altered genomes in the majority of the samples with a high number of partial uniparental disomies (UPDs).
Introduction
Mantle-cell lymphoma (MCL) is an aggressive B-cell neoplasm genetically characterized by the t(11;14)(q13;q32) translocation and cyclin D1 overexpression. Experimental studies have shown that cyclin D1 can function as an oncogene, but its tumorigenic and transforming properties require the cooperation of other mechanisms. [1] [2] [3] The need for additional oncogenic events in the progression of MCL has also been supported by clinical observations. In particular, low numbers of cells carrying the t (11;14) translocation have been found in the blood of 1% to 2% of healthy people. 4 On the other hand, the genomic complexity of MCL and certain secondary chromosomal aberrations are associated with the prognosis of the patients, suggesting that these additional genetic events influence the behavior of this tumor. [5] [6] [7] [8] Molecular studies using comparative genomic hybridization (CGH), 5, 6, 9, 10 multicolor fluorescent in situ hybridization (M-FISH), 11 bacterial artificial chromosome (BAC) arrays, 7, 8, [12] [13] [14] and single-nucleotide polymorphism (SNP) arrays 15 have revealed a large number of chromosomal alterations in MCL. Recurrent aberrations include losses, gains, and amplifications of certain chromosomal regions that may contain crucial genes implicated in relevant tumoral pathways. Molecular studies have identified a number of these genes; and notably, most of them are involved in cell-cycle regulation and DNA damage response pathways. 3, 16, 17 The recent identification of a homozygous deletion of the proapoptotic gene BCL2L11 in MCL cell lines suggests that elements of the cell-survival pathways may be also genetically altered in these lymphomas. 13, 18 Nevertheless, the targets of most recurrent chromosomal alterations are still unknown. In this sense, BAC and 10K-SNP array studies have narrowed down some of the minimal regions involved in chromosomal alterations. 7, 8, [12] [13] [14] [15] However, the potential relevant genes remain elusive, probably resulting from low resolution of some areas or the absence of information on the expression levels of the genes included in these regions.
MCL is one of the lymphoid neoplasms with the highest levels of genomic instability, 19 but the mechanisms involved in this phenomenon are not well understood. A new class of genetic variation in the human genome, named structural variation, has recently been recognized and composes approximately 12% of the human genome sequence. 20 Structural variations are presented mainly as copy number variants (CNVs) [20] [21] [22] and segmental duplications (SDs). 23 SDs are highly homologous DNA duplicated sequences that occur at more than one site of the genome and define hotspots of chromosomal instability by predisposing these regions to rearrangements by nonallelic homologous recombination. Interestingly, SDs are frequently found at the breakpoints of diseaseassociated rearrangements. 24 CNVs have been recently identified in healthy populations [20] [21] [22] and consist of deletions and duplications that contribute to genomic variability and potentially to disease The online version of this article contains a data supplement.
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susceptibility. Of note, CNVs frequently overlap with coding genes and SDs, 21, 25 suggesting that these may be inherently unstable genomic regions that can trigger genomic rearrangements. 24, 26, 27 The potential mediation and/or stimulation of chromosomal alterations in tumor samples driven by structural variants is not well known, and their possible relationship in lymphoid neoplasms has not been previously assessed.
In this study, we have performed a comprehensive highresolution integrative analysis of the recurrent chromosomal alterations by high-density SNP array and mRNA expression profiling of a series of MCL cell lines and primary tumors to identify new genetic alterations and potential target genes that may be relevant in the pathogenesis of these tumors. The relatively precise mapping of the breakpoints of the chromosomal alterations has allowed us the identification of their possible association with structural variations in the human genome and the potential role of CNVs and SDs in the pathogenesis of MCL genomic instability.
Methods

Samples
Ten MCL cell lines (HBL2, UPN1, MINO, REC1, GRANTA519, NCEB1, MAVER1, Z138, JEKO1, and JVM2) and 28 primary MCL were analyzed (Table S1 , available on the Blood website; see the Supplemental Materials link at the top of the online article). To assure a high tumor-cell content in the primary tumors, mononuclear cells were isolated from the peripheral blood of 16 leukemic MCL patients by gradient centrifugation, and the tumor cells were purified using anti-CD19 magnetic microbeads (Miltenyi Biotec, Auburn, CA). Tumor-cell purity greater than 98% was obtained in all samples, as determined by flow cytometry. Matched DNA from normal samples was available in 5 patients. In addition, we selected 7 highly leukemic primary MCLs with more than 85% of tumor-cell content and 5 samples from frozen tissues with high tumor content (ϳϾ 85%). According to our dilution experiments (see details in Document S1), a high tumor content of more than 85% minimizes the potential interference of contaminating normal cells in the array analysis. All samples were collected from the Tumor Bank of the Pathology Department, Hospital Clinic (Barcelona, Spain) and the Institute of Pathology (Würzburg, Germany). All cases carried the t(11;14) translocation and/or overexpressed cyclin D1 mRNA or protein. Total RNA and DNA were extracted using TRIzol reagent (Invitrogen, Carlsbad, CA). TP53 mutational analysis was performed from exons 4 to 11 as previously described. 28 A panel of 24 additional nonpurified primary MCL samples was used for quantitative real-time polymerase chain reaction (qPCR) validation studies. The study was approved by the Hospital Clinic Review Board, and informed consent was obtained in accordance with the Declaration of Helsinki.
SNP arrays and data analysis
The simultaneous genome-wide detection of DNA copy number alterations and loss of heterozygosity (LOH) were investigated using the standard GeneChip Mapping-100K assay protocol (Affymetrix, Santa Clara, CA). Briefly, 2 aliquots of 250 ng of genomic DNA were digested with XbaI and HindIII enzymes, ligated to the adaptors, and amplified by PCR. PCR products were concentrated and fragmented, and then end-labeled with biotin, denatured, and hybridized to the 2 arrays of the GeneChip Mapping-100K array set (Affymetrix). The arrays were processed using the Fluidics Station 450, GeneChip Scanner 3000, and GCOS workstation version 1.4 (Affymetrix). The evaluation was done using GDAS and CNAT V3.0 (Affymetrix). To minimize background noise, a smoothing window of 0.5 Mb was applied. The determination of the working criteria used to define copy number alterations and LOH was based on previously known alterations in diploid cell lines (Document S1). Uniparental disomy (UPD) was defined as copy number neutral LOH and uniparental trisomy (UPT) as LOH in a gained or amplified region. Genomic abnormalities were examined by 2 independent observers.
Expression arrays and integrative analysis
Expression profiling was performed with the HG-U133 Plus 2.0 arrays (Affymetrix), following the Affymetrix standard protocols as previously published. 29 Gene expression differential analysis was performed to identify deregulated target genes within altered regions. Cell lines and purified and nonpurified MCL cases were treated separately for these integrative analyses. Probe sets considered "nonpresent" (with detection call "absent" or "marginal") in more than 90% of samples were excluded. For the determination of target tumor suppressor genes included in the regions of homozygous deletions, we compared the expression levels of probe sets in the different groups of cell lines or primary MCL cases: those with potential homozygous deletions, those with loss, and those with no copy number change or gain/amplification. Only probe sets called "nonpresent" in the group of homozygous deletion cases and called "present" in the remaining samples were considered as potential target genes. To identify putative overexpressed oncogenes in amplified regions, we compared the expression levels of the genes included in the overlapping region in amplified cases and in cases with no copy number changes. Cases with gains, UPD/UPT, or loss of the same chromosomal region were excluded for the comparisons. Only probe sets with at least a 2-fold change were considered overexpressed.
Quantitative real-time PCR
Relative DNA copy number changes and mRNA expression of different genes were determined by qPCR using the ABI Prism 7700 Sequence Detector System (Applied Biosystems, Foster City, CA). One microgram of total RNA was reverse-transcribed with SuperScript First-Strand kit (Invitrogen). TaqMan Gene Expression Assays (Applied Biosystems) were used for DNA and RNA validation, respectively. Detailed sequences of all primers and assays are available on request. The comparative threshold cycle method (2 Ϫ⌬⌬Ct ) was applied using ALB and GUSB genes as endogenous references for copy number and expression analysis, respectively. Based on previous experiments 30 and dilution experiments with cell lines, we established the following cutoffs: less than 0.7 and less than 0.3 for single loss and homozygous deletions, respectively, and less than 0.6 and less than 0.2 for low and absent expression, respectively.
FISH
FISH analysis was performed on cultured cells following the manufacturer's recommendations using the dual-color dual-fusion probe LSI IGH/BCL2, locus-specific LSI CCND1 orange probe, and CEP11 green probe (VysisAbott, Downers Grove, IL). The images were captured by an Olympus bx-60 microscope (Olympus, Melville, NY), at 100ϫ. Digital image acquisition, processing, and evaluation were performed using ISIS digital image analysis system version 5.0 (Metasystems, Altlussheim, Germany).
Copy number variation and segmental duplication enrichment in chromosomal breakpoints
To investigate whether breakpoints of MCL alterations represent random events or may reflect a susceptibility of these regions to DNA rearrangement resulting from particular genome architecture (ie, presence of CNVs and SDs), we evaluated the presence of these structural variants in the 100-kb and 50-kb regions flanking each chromosomal breakpoint. In addition, we performed the analysis considering separately the different types of chromosomal alterations (UPD/UPT, homozygous deletion, loss, gain, and amplification). Computational simulations were performed to assess whether the observed number of breakpoints associated with CNVs and SDs could be the result of chance or represented a significant enrichment. Thus, we randomly assigned 1000 times the position of the breakpoints along the chromosomes and calculated the expected number, as well as expected median, mean, maximum, and minimum number of breakpoints containing CNVs or SDs. The P value was calculated as the number of times that the observed number equaled or exceeded the expected value divided by the total number of permutations plus 1 (observed Ն expected)/(permutations ϩ 1). 31 P values less than .05 were considered significant. Analyses were done using R (R Project for Statistical Computing; Vienna University of Economics and Business Administration, Vienna, Austria).
Results
Copy number changes and LOH in MCL cell lines
We studied 10 MCL cell lines with the GeneChip Mapping-100K SNP array. The SNP call rate in all experiments was more than 94.2%. All cell lines showed copy number alterations, with a total of 179 losses, 133 gains, and 25 high-level DNA amplifications (Table S1 ). The altered regions observed in at least 4 cell lines were gains of 8q24.21, 11q13.3-q14.2, 12q13.3-q14.1, and 18q21.31-q22.1, and losses of 6q22.32-q24.3, 9pter-p21.3, and 17pter-p13 regions. Some of the target genes included in these regions were MYC, CCND1, CDK4/MDM2, BCL2, CDKN2A, and TP53. The genotyping platform used in this study allowed the sensitive detection of LOH associated with no DNA copy number alteration or even with a copy number increase that correspond to the so-called UPD and UPT, respectively. Each MCL cell line showed at least one whole chromosome or partial UPD/UPT. Overall, 69 regions of UPD/UPT were identified with a mean of 6.9 per cell line (range, 1-26; Figure 1A ; Table S1 ). HBL2 had an extremely large number of UPD/UPT regions (19 UPDs and 7 UPTs) present in almost all chromosomes. The minimal regions of overlapping UPD/UPT in at least 4 cell lines were 2q31.1-q32.1, 2q37.1-qter, and 9q ( Figure 1B ) and in 3 cell lines, 2q11.2-q12.2, 2q31.1-q32.1, and 16q23.1-q24.1.
A UPD at 17pter-p13.1 was observed only in the MINO cell line, which was associated with a homozygous mutation of TP53 (Table S4 ). Five additional cell lines had TP53 inactivating mutations associated with the loss of the remaining allele.
Copy number changes and LOH in primary MCL
Twenty-eight primary MCLs were analyzed with the GeneChip Mapping-100K SNP arrays. The SNP call rate in all experiments was more than 93%. Copy number alterations were observed in 86% (24 of 28) of the cases, with a total of 135 losses, 60 gains, and 24 amplifications (Table S1 ). The most frequent overlapping gains were found at 3q26.1-qter (39%) and 8q24-qter (32%), whereas frequent overlapping losses were found at 9p21, 11q22-q23 (36% each), 1p21.3-p22.1 (32%), 8pter-p21 (25%), 6q23.3 (21%), and 10pter-p12.31 (18%). Interestingly, a complex pattern of losses was found in chromosome 13: 9 cases showed discontinuous losses (range, 2-6 losses per case), whereas 2 cases (MCL2 and MCL24) showed a single loss and 2 patients (MCL22 and MCL27) showed a monosomy 13. Overall, the 13q13.3-q31.1 and 13q33.3-qter regions were lost in 36% of the patients. , P value) and the bottom panel represents LOH (Ϫlog10 LOH P value). Regions with genomic losses and concomitant LOH are underlined with thick red bars, homozygous deletions (HD) are indicated with dark red squares, and regions with UPD are underlined with thick black bars. MINO showed a whole chromosome 9 UPD, whereas the 3 remaining cell lines showed a 9q UPD and concomitant loss of 9pter-p21. REC1 and MAVER1 showed homozygous deletions of CDKN2A gene at 9p21.3, and MAVER1 had 2 additional homozygous deletions (indicated by asterisks; Table 1 ).
Partial UPDs were detected in 13 of the 28 MCLs (46%) with a mean number of 0.8 per case (range, 0-5; Figure 1A ). A total of 22 chromosomal regions showed UPDs, and one locus had a UPT (amplification of 18q21.33-q22.1). Germinal DNA was studied in 5 patients. Four of the 7 UPDs detected in the tumors were also present in the germline of 3 patients, whereas 3 UPDs (2 at 20q and one at 17pter-p12) were acquired in the tumor. Interestingly, the acquired UPDs were recurrent in tumor samples, whereas the germ line UPDs were small and nonrecurrent ( Figure 1A ). All gains and losses were acquired in the tumors. Recurrent overlapping regions of UPD were observed at 17pter-p13.1 and 20q11.22-q12 (3 cases each) and 5p14-p12 and 16q23.1-q23.3 (2 cases each).
Interestingly, 2 tumors with a UPD at 17pter-p13.1 (MCL3 and MCL14) had an inactivating mutation of TP53. Although we did not find a mutation in exons 4 to 11 of TP53 in the remaining MCL with a 17p UPD (MCL1), this tumor had a total lack of TP53 mRNA expression by microarray analysis. In addition, a mutation of the TP53 gene was found in 4 other cases: 2 with loss of 17p and 2 with no 17p abnormalities (Table S4 ).
Detection and validation of homozygous deletions in MCL
We detected 23 homozygous deletions in 8 of 10 (80%) cell lines and 4 of 28 (14%) primary MCLs. These homozygous deletions involved 11 different regions with a mean size of 807.6 kb and targeted a total of 12 genes that lacked mRNA expression (Table 1) . These genes were FAF1 and CDKN2C at 1p32.3 (UPN1) (Figure  2A ), ACOXL and BCL2L11 at 2q12.1 (MINO, JEKO1, and Z138), MAP2 at 2q34 (UPN1), SP100 at 2q37 (MINO and JEKO1) (Figure 2A ), MOBKL2B at 9p21.2 (MAVER1), MTAP and CDKN2A at 9p21.3 (MAVER1, GRANTA519, HBL2, REC1, and Z138), RB1 at 13q14.2 (UPN1), and ZNF280A and PRAME at 22q11.22 (GRANTA519 and HBL2) ( Table 1 ). In addition, we found 3 homozygous deletions; one of them (9p21.1) did not include any known gene, and in the remaining 2 (13q33.1 and 18q22.1), the probe sets for the respective genes (FGF14 and DSEL) in the expression array were not evaluable.
Only 4 homozygous deletions associated with total lack of gene expression were detected in the 28 primary MCLs: 2 at 9p21.3 targeting MTAP and CDKN2A (MCL9 and 17) and 2 at 22q11.22 (MCL11 and 20) including ZNF280A and PRAME.
To validate the homozygous deletions of the deleted genes not previously described in MCL, we performed qPCR analysis of FAF1, MAP2, SP100, MOBKL2B, and PRAME genes in the 10 cell lines and in an independent set of 24 primary MCLs (Table 2 ; Figure 2B ). The homozygous deletions of the 5 genes were confirmed by qPCR (Table 2 ). In addition, we confirmed by qPCR the 9 heterozygous deletions that had been detected by the array (FAF1 gene in GRANTA519 and JEKO1, SP100 gene in REC1, 
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MOBKL2B gene in GRANTA519, JEKO1, NCEB1 and UPN1 and PRAME gene in MINO and NCEB1). In the independent set of 24 primary MCLs, we found homozygous deletions of PRAME in 2 cases and monoallelic losses in 2 additional tumors. Monoallelic losses of FAF1 (3 cases), SP100 (7 cases), and MOBKL2B (5 cases) were also observed. The lack of mRNA expression in cases with homozygous deletions was also confirmed for 3 selected genes (FAF1, SP100, and MOBKL2B; Figures 2B, S1 ). PRAME and ZNF280A genes at 22q11.22 are mapped in the intronic region of the V segments of the lambda chain cluster, between V7-35 and the more telomeric V2-34. Given the location of these 2 genes, we examined the relationship between PRAME/ ZNF280A deletions and the expression of the light chains. Interestingly, the 4 cell lines (HBL2, GRANTA 519, MINO, and NCEB1) and the 2 primary cases (MCL11 and MCL20) with homozygous or monoallelic 22q11.22 deletions expressed lambda chain. On the For personal use only. on April 13, 2017. by guest www.bloodjournal.org From contrary, none of the 21 samples with kappa chain expression had 22q11.22 deletions. These findings suggest that the loss of PRAME/ ZNF280A may be a consequence of the lambda gene rearrangements between the J and V regions located centromeric to V7-35. Tables 3, S3 ). Amplifications were more frequent in cell lines (mean, 2.5; range, 0-7) than in primary tumors (mean, 0.9; range, 0-6, Table S1 ). Six recurrent overlapping regions of amplification with highly overexpressed genes were identified (Table 3) . Amplification of 13q31.3 and 18q21.33 regions was detected in 6 samples each, whereas the other 4 amplified regions were observed in only 2 cases each ( Table 3) . The 13q31.3 amplification was detected in 3 primary tumors and 3 cell lines (Table 3 ). The minimal region targeted only C13orf25, which encodes an oncogenic microRNA polycistron, and its RNA was overexpressed more than 10 times in the cell lines with the amplification of the locus. One primary MCL (MCL21) and 5 cell lines had amplifications of the 18q21.33 region with 4 genes (BCL2, FVT1, PHLPP, and VPS4B) showing higher mRNA expression levels than the nonamplified cell lines. BCL2 was the gene with the highest expression levels of the 4 (2-to 3-fold higher than the other amplified genes). Amplification of the BCL2 in MAVER1, HBL2, and one primary case was confirmed by FISH ( Figure 3A,B) . The UPN1 cell line carried an allelic loss of the 18q21.33 region that was confirmed by FISH (data not shown).
Amplification of the 11q13.3 region was found in HBL2 and MAVER1, and it was associated with very high levels of the cyclin D1 long transcript (probe set 208712_at). These CCND1 amplifications corresponded to the translocated allele and were confirmed by FISH ( Figure 3C,D) . In addition, 4 primary tumors had a focal gain of 11q13 involving the CCND1 locus, and 3 of them had also very high levels of cyclin D1 mRNA.
CNVs and segmental duplications flanking DNA breakpoints
CNVs and SDs are closely related structures that have been considered substrates for nonallelic homologous recombination that may facilitate the generation of chromosomal alterations, similar to fragile sites. 27 To determine whether the recurrent DNA breakpoints observed in MCLs could be related to these DNA regions, we performed computational simulation experiments to compare the observed number of chromosomal breakpoints associated with the number of CNVs or SDs in MCL expected by chance. Given the high resolution of the GeneChip Mapping-100K SNP array, we were able to map precisely the breakpoints and evaluate the association of these coordinates with the physical position of CNVs and SDs deposited in the Database of Genomic Variants and in the University of California Santa Cruz tables, respectively. 21 We considered the SDs and CNVs overlapping the 100-kb regions flanking each breakpoint. Overall, in the present series of MCLs, we detected 1200 breakpoints of chromosomal alterations. A total of 181 of the 1200 breakpoints (15%) were associated with SDs, a proportion slightly higher than that of the simulated data (median, 152, P ϭ .071). Interestingly, 552 of 1200 breakpoints (46%) overlapped with CNVs, a proportion significantly higher than that of the simulated data (median, 412, P Ͻ .001; Table S3 ). This significant enrichment of CNVs in MCL breakpoints suggests that CNVs may contribute to the generation of genomic imbalances in MCLs. According to the type of alteration (UPD/UPT, homozygous deletion, loss, gain, and amplification), we found a significant enrichment of CNVs with UPD/UPT, homozygous deletions, losses, and gains, whereas a significant enrichment of SDs was found for homozygous deletions and losses ( Figure 4 ; Table S3 ). Similar significant associations were found when considering the CNVs and SDs at 50-kb flanking each breakpoint (data not shown).
Discussion
The high-density 100K SNP array platform is a rapid and robust assay that allows the simultaneous screening of DNA copy number alterations and LOH of the entire genome. Integrating this information with expression array data provides a valuable tool for the identification of pathobiologically relevant cancer genes. We have used this comprehensive approach in a panel of 10 MCL cell lines and 28 primary tumors with a high tumor-cell content. The results of the study expand the view of the genomic complexity of MCL tumors with the identification of numerous and complex UPDs/ UPTs and the recognition of new homozygous deletions and amplifications that led to altered expression of putative tumor suppressor genes, oncogenes, and oncogenic microRNAs.
The global profile of genomic alterations observed with the SNP arrays confirms and refines the most common regions previously described in MCL. [5] [6] [7] [8] [9] [10] [12] [13] [14] [15] As expected, MCL cell lines showed a 5-fold increased number of alterations compared with MCL primary tumors. However, the most recurrent alterations were also found in MCL primary cases and were associated with expression changes. In addition, we identified, for the first time, the presence of a high number of complex UPDs/UPTs in primary The BCL2 locus is amplified in a primary MCL (red signals) from the validation set that also showed a 18q21 amplification by CGH. (C) The HBL2 cell line has an amplified CCND1-IGH rearrangement (red arrow) and 2 nontranslocated chromosomes 11 with CCND1 signal (red) below the centromere of chromosome 11 (green). The CCND1-IGH amplified fusion was confirmed by a dual-color dualfusion probe (data not shown). (D) The MAVER1 cell line has 2 high-level tandem amplifications of CCND1 (red arrows) in 2 different chromosomes: one corresponds to the complex t(11;14) translocation in chromosome 6. 11 The chromosome carrying the second amplified region has not been identified. A nontranslocated chromosome 11 with the red CCND1 signal associated with the green centromere 11 probe is also observed.
MCLs. UPDs have been recently recognized in different hematologic neoplasms, including acute leukemias, 32,33 multiple myeloma, 34 chronic lymphocytic leukemia, 35 follicular lymphoma, 36 T-prolymphocytic leukemia, 37 and 5 MCL cell lines. 38 The UPD regions in MCL usually target small and widespread chromosomal regions. This type of UPD was also observed in multiple myeloma, 34 chronic lymphocytic leukemia, 35 and T-prolymphocytic leukemia 37 and probably represent a phenomenon originated by multiple mitotic recombination events. In contrast, the UPDs found in follicular lymphoma 36 and acute myeloid leukemia 32 involve large chromosomal regions reaching the telomere, suggesting that they probably originated from a single mitotic recombination event. Moreover, the UPDs/UPTs detected in most MCLs were found in chromosomal arms concomitantly affected by losses, gains, and other regions of UPD/UPT. The high number and complexity of this phenomenon in MCL genomes have no parallel in other hematologic neoplasms, and it may reflect the genomic instability of these tumors. Interestingly, only T-prolymphocytic leukemia seems to carry also a relatively complex UPD distribution. 37 UPDs in certain chromosomal regions may play an important role in the biology of some tumors by selecting mutated/methylated genes that contribute to their pathogenesis, that is, FLT3, WT1, and CEBPA genes in acute myeloid leukemia, 39, 40 JAK2 in myeloproliferative disorders, 41 and IGF2 and H19 genes in hepatoblastoma. 42 In our study, the 4 UPDs at 17p detected in 3 primary tumors and one cell line were associated with TP53 gene inactivation. A similar situation has been also observed in 2 chronic lymphocytic leukemia patients. 43 The possible significance of the UPDs in other chromosomal regions is not well known because only a limited number of UPDs are located in regions with known tumor suppressor genes. UPTs have not been observed in other hematologic neoplasms. In our study, 7 MCL cell lines and one primary tumor showed UPT of different chromosomal regions. Interestingly, the UPT at 18q21.33 contained a high-level DNA amplification of the BCL2 gene that was also associated with high levels of expression. Interestingly, the parallel analysis of normal DNA of some patients demonstrated that nonrecurrent and small UPDs were already present in the germ line of the patients, but 2 recurrent UPDs were acquired in the tumor sample. Our integrative genomic and expression analysis has allowed us to identify and validate a high number of homozygous deletions and potential target genes in MCL. Previous studies using BAC arrays had observed homozygous deletions, including different tumor suppressor genes (CDKN2C, BCL2L11, CDKN2A, and ATM), immunoglobulin kappa and lambda loci (2p11.2 and 22q11.22), and regions without known target genes (11p12-p14 and 13q32.3) in a limited number of cell lines and primary tumors. 8, 13, 14, 18, 29 In the present study, we have found homozygous deletions in 11 different regions, 6 of them not previously identified, and we have confirmed the previously described homozygous deletions of CDKN2C, BCL2L11, CDKN2A, and 22q11.22 in the same cell lines that were originally observed and also expanded the homozygous deletions of BCL2L11, CDKN2A, and 22q11.22 in other cell lines (MINO, MAVER1, and HBL2, respectively). The CDKN2C gene had been reported as the target of the homozygous deletions of 1p32.3. However, we have now observed that this deletion also includes FAF1, an inhibitor of the NF-B pathway that suppresses the IKK activity and also independently retains NF-B p65 in the cytoplasm. 44 The novel homozygous deletions detected by our approach target MAP2 (2q34), SP100 (2q37), and MOBKL2B (9p21.2) genes. MAP2 is a major regulator of the microtubule dynamics in neurons and has been recently implicated in the migration of epithelial cancer cells. 45 SP100 is a constitutive member of nuclear bodies, together with PML, TP53, and DAXX proteins. 46 Finally, MOBKL2B was found homozygously deleted in MAVER1, whereas single losses were found in other cell lines. Absence or low levels of mRNA expression of this gene were found also in other samples with no genomic deletion ( Figure S1 ). MOBKL2B is highly homologous to Mob1 gene, a member of the Hippo pathway, which has been involved in cancer development through regulation of proliferation and mitotic checkpoint regulation. 47 Only few recurrent amplifications and candidate oncogenes have been identified in MCLs, being the most common 8q24 (MYC), 10p12.2 (BMI1), and 12q13 (CDK4). 7, 8, 15 In the present study, we detected 35 different amplified regions. The most recurrent were at 13q31.3 and 18q21.33, each of them observed in 6 cell lines and primary tumors. Interestingly, C13orf25 was the only gene included in the small 13q31.3 amplicon, and its amplification was associated with expression levels 10-fold higher than in the nonamplified samples, indicating that this gene might be the target of these amplifications in MCL. 13q31-q32 amplifications have been observed in different lymphoid neoplasms, and C13orf25 was cloned as the most probable candidate gene for this amplicon. 48 This gene encodes the miR-17-92 polycistronic cluster, which seems to cooperate with MYC to transform mouse B cells and decrease apoptosis. 49 Amplifications and overexpression of C13orf25 have been observed occasionally in Burkitt lymphoma, diffuse large B-cell lymphoma, and in the JEKO1 MCL cell line. 48, 50 13q31-q32 amplification has been previously reported in 10% of MCLs. 6 Our finding of C13orf25 as the target gene of these amplifications suggests that this alteration may play a pathogenic role in these tumors.
18q21 is a region frequently gained and amplified in MCL, 6,7,15 and higher expression of BCL2 gene had been observed in blastoid variants. 51 In this study, we have observed amplifications of this region in 5 cell lines and 2 primary tumors. The minimal overlapping region of this amplicon included 10 genes, and only 4 of them were up-regulated. The BCL2 gene showed the highest mRNA overexpression level, suggesting that it may be the target of these amplifications. The BCL2 amplifications and overexpression may contribute to the pathogenesis of MCL by promoting cell survival, facilitating the genomic instability of the cells, 52 and increasing the resistance of the tumor cells to new therapeutic drugs targeting the members of the BCL2 family (ie, BH-3 mimetic drugs). 53 CCND1 gene was amplified in 2 cell lines and was also included in the focal 11q13 gains of 4 primary cases. These alterations were associated with very high levels of cyclin D1. The FISH analysis of 2 cell lines (HBL2 and MAVER1) confirmed that the amplification corresponded to the translocated allele. These amplifications may be an additional mechanism to increase the levels of cyclin D1, similar to the effect of the truncations and mutations in the 3ЈUTR region of the mRNA, which are associated with very high levels of expression of the short 1.5-kb transcript. 54 Interestingly, these 2 cell lines only expressed the long mRNA cyclin D1 transcript, suggesting that they do not carry alterations in the 3ЈUTR mRNA region. The amplification of CCND1/IGH fusion gene has been only described in an unusual leukemic MCL with high cyclin D1 overexpression, very complex karyotype, TP53 gene inactivation, and a very aggressive clinical course. 55 In addition to these highly recurrent genetic alterations with important impact on mRNA expression, we detected a high number of less frequent aberrations. The biologic and clinical significance of these 2 types of changes may be different. Whereas the recurrent events targeting potent tumor suppressor genes and oncogenes may have an important pathogenetic role and clinical impact, the less common aberrations may correspond to passenger events reflecting the high level of chromosomal instability of MCLs. 3, 19 The mechanisms involved in the genomic instability of MCL are not well understood. CNVs and SDs are DNA break-prone regions that may contribute to the generation of chromosomal alterations by facilitating nonallelic homologous recombinations. 24, 26, 27 Indeed, an enrichment of SDs and CNVs has been found at tumor-break regions in some chromosomes of neuroblastoma, 56 familial pancreatic cancer, 57 and carcinoma cell lines. 58 Furthermore, a genome-wide association of chromosomal breakpoints with CNVs and SDs has been reported recently for colon cancer. 59 In this study, we have found, for the first time, a significant enrichment of CNVs and SDs in the breakpoints of chromosomal alterations in MCL. We have found as many as 46% of all breakpoints colocalizing with CNV regions, a number similar to the 41% found in colon cancer. 59 Particularly, in MCL, CNV regions were frequently associated with UPDs/ UPTs, homozygous deletions, losses, and gains but not amplifications, whereas SDs were more frequently related to homozygous deletions and losses. These findings are concordant with previous studies in healthy subjects suggesting that SDs are involved in chromosomal losses but not in gains. 25 Moreover, it is the first time that an association of such structural variation is found with UPD/UPT regions. These findings in MCL, a tumor with high levels of genomic instability and alterations in DNA damage repair pathways, may suggest that a number of the chromosomal alterations could arise from the aberrant repair of the nonallelic homologous recombination driven by SDs and CNVs.
In conclusion, our study integrating high-resolution genomic and expression profiling of MCL has identified a high number of complex and genome interspersed UPDs that expands the perspective of the genomic instability in these tumors. In addition, we have delineated and confirmed several homozygous deletions and amplifications that target known and new candidate genes that may be relevant in the pathogenesis of these lymphomas. Finally, we have described a significant enrichment of CNVs and SDs in the breakpoints flanking the chromosomal alterations of MCL, suggesting that these structures may contribute to the genomic instability of the tumors.
